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	I 
Synopsis 


SYNOPSIS
	The thesis entitled ‘Total Synthesis of Fostriecin’ has been divided into three chapters.
Chapter-I	: Introduction to cancer and the approaches cited in the literature towards the synthesis of fostriecin.
Chapter-II	: Formal synthesis of fostriecin by a carbohydrate-based approach.
Chapter-III	: Synthesis of tyrphostin analogues anti-tumour active molecules.

CHAPTER-I
An introduction to cancer, some of anti-cancer molecules synthesized in the group and the previous approaches towards the synthesis of fostriecin described. The stereocontrol strategies utilized in the reported total syntheses are summarized in Figure 1.
 





















Figure 1: Summary of the stereocontrol strategies for the total syntheses of fostriecin.
CHAPTER-II: FORMAL SYNTHESIS OF FOSTRIECIN BY A CARBO-HYDRATE-BASED APPROACH
Introduction: Fostriecin (CI–920) 1, a cytotoxic phosphate ester natural product isolated from Streptomyces pulveraceus possesses potent anticancer activity against leukemia and many other cell lines. The cytotoxic properties of 1 are attributed to its selective inhibition of protein phosphatase 2A (PP2A). The relative and absolute stereochemistry of 1 was established by Boger, who also disclosed the first synthesis of the natural product as well as preliminary SAR studies of this molecule. A number of total syntheses as well as synthetic approaches to fostriecin have been reported in the literature. However, it continues to be a challenging endeavor to synthesize this molecule using inexpensive and readily available raw materials via shorter routes.
Present work: A chiral pool approach to the C1–C13 fragment 2, a key intermediate in the Takeshi synthesis of fostriecin is described (Figure 2). 


















Figure 2: 

Stereoselective construction of the four chiral carbons of fostriecin is the key for the success of the total synthesis. A strategy different from earlier approaches to construct the four chiral centers is disclosed (Scheme 1).





































Scheme 1: Retrosynthetic Analysis of Fostriecin.
The retrosynthetic approach to 2 is illustrated in Scheme 1, in which the key fragment 10, plays a central role, serving not only as the source of the C-9 and C-11 stereocentres, but also sets the stage for introducing C-8 and C-5 stereocentres via two routes.
1.	Chelation-controlled addition of anion 11 (M=MgBr) to ketone 10 followed by Wittig rearrangement of 7a should afford 6 with the full set of chiral centers (route 1).
2.	Wittig olefination of ketone 10 using a stable ylide followed by ester reduction would set the stage for Sharpless asymmetric epoxidation. Asymmetric allylation of 8 and generation of the Z-olefin by iodomethylenation would complete the synthesis 2 (route 2).
Synthesis of C-8 to C-12 fragment of fostriecin (10) 
The compound 10 was obtained from D-glucose via two routes, among which route b is shorter and gives a higher overall yield (59%) than route a (44%).
Route a:


















Scheme 2: Reagents and conditions: (a) CuSO4, H2SO4 (catalytic), acetone, r.t., 16 h, 56%; (b) NaH, BnBr, DMF,0 оC to r.t., 4 h, 93%; (c) 0.8% H2SO4, MeOH, r.t., 6 h, 91%; (d) NaIO4 on silica gel, CH2Cl2 : H2O (8:2), r.t., 2 h, 96%; (e) MeMgI (generated from Mg and MeI), Ether, 0 оC, 2 h, 90%; (f) PCC, NaOAc, CH2Cl2, r.t., 16 h, 83%; (g) Pd on charcoal (10%), H2, 40 psi, Ethanol, 5 h, 98%; (h) MsCl, Et3N, DMAP (catalytic), CH2Cl2, 0 оC to r.t., 2 h, (i) DBU, CH2Cl2, 12 h, 83% (two steps); (j) Raney Ni, H2, 1atm, n-hexane, 90%.
1,2-5,6-di-O-isopropylidene--glucofuranose 13 was prepared from D-glucose 12 by using CuSO4, acetone and catalytic H2SO4 at room temperature for 16 h.  The free hydroxyl group of 13 was protected as its benzyl ether 14 and selective deprotection of 5,6-O-isopropylidene moiety in 14 using 0.8% H2SO4 in methanol at room temperature for 6 h afforded the diol 15 in 91% yield.
Sodium meta periodate mediated oxidative cleavage of the diol 15 followed by Grignard reaction of the resulting aldehyde with methylmagnesium iodide in ether at 0 oC gave a diastereomeric mixture of alcohol 16 as a white solid in 90% yield, which was oxidized using PCC and NaOAc in CH2Cl2 to give the ketone 17 as a white crystalline solid in 83% yield.
Deprotection of the benzyl group 17, using palladium on charcoal (10%) in absolute ethanol under hydrogen atmosphere at 40 psi pressure for 5 h afforded the alcohol 18 as a crystalline white solid in 98% yield. Mesylation of the alcohol 18, followed by elimination of the mesylate by treatment with DBU in the same pot afforded olefin 19 in 83% yield. Subsequent hydrogenation of 19 in presence of Raney-Ni, n-hexane at atmospheric pressure, room temperature for 2 h afforded the single diastereomer 10 with C-4 inversion in 90% yield (Scheme 2).  
Route b:
The free hydroxyl group of glucose diacetonide 13 was protected as its mesylate 20 by using standard procedure, elimination of the mesylate 20 by treatment with DBU in DMF at reflux temperature for 24 h afforded an olefin 21 in 69% yield. The elimination of the triflate derived from glucose diacetonide 13, by treatment with DBU also afforded olefin 21 in 94% yield. Subsequent hydrogenation of 21 in the presence of Raney-Ni in ethanol at 40 psi gave 22 in 98% yield as a white crystalline solid. 
The structure assigned to compound 22 was further confirmed by comparing its spectral data with its possible diastereomer 26 synthesized as follows. Glucose diacetonide 13 was converted to xanthate 25 and deoxygenated using Barton-McCombie protocol to afford the 3-deoxyglucose  26 in 75% yield as a colorless oil. The compound 26 in its 1H NMR spectrum revealed the presence of a multiplet (apparent quartet) at 3.87-3.75 ppm for H-4 proton (0.55 ppm upfield as compared to the chemical shift for the same proton of 22) and the other protons resonating at their expected chemical shift values.


























Scheme 3: Reagents and conditions: (a) MsCl, TEA, DMAP (catalytic) CH2Cl2, 0 оC to r.t., 3 h, 89%; (b) DBU, DMF, reflux, 12 h, 69%; (c) Tf2O, Pyridine, DMAP (catalytic), CH2Cl2, 0 оC, 30 min; then DBU, CH2Cl2, 12 h, 94%; (d) Pd on charcoal (10%), H2, 1atm, ethanol, 12 h, r.t.,  90%; (e) 40% AcOH, r.t., 6 h, 83%; (f) NaIO4 on silica gel, CH2Cl2 : H2O (8 : 2), 96%; (g) MeMgI, ether, 0 оC, 2 h, 83%; (h) PCC, NaOAc, CH2Cl2, r.t., 12 h, 89%; (i) NaH, CS2, MeI, THF, 0 оC-r.t., 1 h, 91%; (j) Bu3SnH, AIBN (cat), toluene, reflux, 8 h, 75%.

Selective deprotection of 5,6-O-isopropylidene of 22 using 40% acetic acid at room temperature for 12 h afforded the diol 23 in 83% yield (8% starting material recovered). The diol 23 was further subjected to oxidative cleavage to afford the aldehyde as a white syrup in 96% yield using NaIO4 in CH2Cl2 : H2O (8:2) at room temperature for 1 h. The aldehyde was treated with MeMgI in dry ether at 0 oC for 1 h to afford the diastereomeric mixture of alcohol 24 as a colorless liquid in 83% yield. The mixture of alcohols 24 has oxidized using pyridinium chloro chromate, sodium acetate in CH2Cl2 at room temperature for 16 h to afford a colorless liquid in 89% yield and its spectral and analytical data were in agreement with the assigned structure 10 (Scheme 3).
Installation of C-8 and C-5 stereocenters of fostriecin using chelation-controlled addition and Wittig rearrangement: (route 1)





















Scheme 4: Reagents and conditions: (a) 11, -78 to  -50 оC, 2 h, 91% (5a alone 73%); (b) n-BuLi (5 eq), THF, -100 оC, 3 h; (b) LiAlH4, THF, 0 оC to r.t., 2 h; 75% ( two steps, 5a alone 50%).

The stereocenter at C-8 of fostriecin was introduced by the chelation-controlled addition11 of 11 (M =MgBr), generated from allyl propargyl ether and EtMgBr in THF at 0 oC to ketone 10 in THF at –78  –50 oC for 3 h to afford a chromatographically separable mixture of diastereomers 7a and 7b in 91% yield in a 8:2 ratio. Additionally, the reaction of the lithium anion of 11 (M=Li) with ketone 10 was also examined under the same reaction conditions, which gave a mixture of 7a and 7b in a 3:7 ratio (Scheme 4).
 Compound 7a was subjected to Wittig rearrangement by treatment with excess n-BuLi at – 100 oC for 3 h to afford 6. Reduction of triple bond using LiAlH4 in THF afforded a separable mixture of diastereomers 5a and 5b in a 2:1 ratio (Scheme 4). 


Confirmation of C-8 and C-5 stereocenters of fostriecin using Sharpless asymmetric epoxidation and chiral allylation reactions: (route 2)
Compound 5a has the full set of chiral centers and it was synthesized following another route from ketone 10, in which the C-8 and C-5 stereocenters were installed by Sharpless asymmetric epoxidation and Chiral allylation respectively (Scheme 9).




















	




Scheme 5: Reagents and conditions: (a) Ph3PCHCOOEt (3 eq), C6H5COOH (cat), toluene, reflux, 16 h, 91% (E-isomer alone 83%); (b) DIBAL-H, THF, -78 to 0 oC, 2 h, 92%; (c) (+)-DIPT, Ti(O-i-Pr)4, TBHP, 4Ao molecular sieves, CH2Cl2, -23 oC, 24 h, 90%; (d) TPP, CCl4, reflux, 6 h; (e) n-BuLi, THF, -23 oC, 84% (two steps, 76%, 9a); (f) EtMgBr, THF, 9a, 0 oC, 1 h, then (CH2O)n, reflux, 3 h, 79%; (g) LiAlH4, THF, 0 oC to r.t., 2 h, 91%; (h) Dess-Martin periodinane, NaHCO3, CH2Cl2, r.t., 94%;  (i) (+)-Ipc2BOMe, allylmagnesium bromide, Et2O, -100 to 23 oC, 1.5 h; 30% H2O2, pH 7 buffer, 23 oC, 12 h, 79%. 

	The ketone 10 was subjected to Wittig olefination with (carboethoxymethylidene) triphenylphosphorane in the presence of catalytic benzoic acid in refluxing toluene for 16 h to afford E-ester 27 in 83% yield after chromatography on silica gel without contamination of the Z-ester (8%). The ester 27 was reduced to allylic alcohol 28 using DIBAL-H in THF at 0 оC to room temperature for 2 h in 92% yield (Scheme 5).
Sharpless asymmetric epoxidation of 28 proceeded efficiently to produce epoxide 29 in 90% yield with a 10:1 ratio of diastereomers. Although the mixture was not separated at this stage, transformation by Yadav’s methodology afforded acetylene alcohols 9a and 9b in 74% and 7% yields, respectively after chromatography on silica gel.
	Compound 9a was subjected to formylation by treatment with 2.0 equivalents of EtMgBr (freshly prepared from EtBr and Mg), 1.0 equivalent of acetylene 9a in THF at 0 оC for 1 h followed by the addition of 1.5 equivalents of paraformaldehyde to afford the propargyl alcohol 30 in 79% yield. Further protection of 30 by treatment with base and allylbromide gave a compound identical to 7a.
	Triple bond reduction of 30 with LiAlH4 in THF at 0 оC to room temperature over 2 h provided the allylic alcohol 31 in 91% yield. Oxidation of 31 with Dess-Martin periodinane gave aldehyde 8 in 94% yield, which underwent asymmetric allylation using (+)-β-methoxydiisopinocamphenyl borane and allylmagnesium bromide in ether at –100 оC to 23 оC for 2 h to afford  5a in 79% yield (Scheme 5). 















Scheme 6: Reagents and conditions: (a) acryloyl chloride, DIPEA, CH2Cl2, 0 oC, 2 h; (b) (PCy3)2RuCl2(=CHPh) (0.1 eq), Ti(O-i-Pr)4 (0.3 eq), CH2Cl2, reflux, 12 h, 92% (two steps); (c) 30% AcOH, 50 oC, 2 h, 92%; (d) Ph3P+CHI I-, NaHMDS, HMPT, -78 oC to r.t., 2 h, 63% (Z:E ratio = 3:1).

Chemoselective esterifiction of the diol 5a using acryloyl chloride and diisopropyl ethylamine in dichloromethane at 0 оC for 2 h gave an ester alcohol 32 in 96% yield, which was subjected to ring closing metathesis (RCM) with Grubbs 1st generation catalyst (0.1 equiv) in the presence of Ti(O-i-Pr)4 (0.3 equiv) in refluxing CH2Cl2 for 12 h to afford  lactone 33 in 92 % yield. Cleavage of the 1,2-O-isopropylidene group in 33 with 30% aq AcOH at 50 oC for 2 h afforded the lactol 4 in 92% yield. Iodomethylenation of lactol 4 gave Z-isomer 2 as a major product (Z:E = 3:1; Scheme 6). 

CHAPTER-III: SYNTHESIS OF TYRPHOSTIN ANALOGUES
Introduction: Tyrphostins are  low molecular weight compounds having the benzylidenemalononitrile moiety as the active pharmacophore and are known to inhibit EGF dependant proliferation and EGFR autophosphorylation. Due to their easy synthetic access through Knoevenagel condensation of a substituted benzaldehyde with a substituted nitrile, hundreds of tyrphostins derivatives have been synthesized by several research groups ( e.g., Levitzki et al., Rhone-Poulenc Rorer, Bruke et al., etc). 







Figure 3

Present work: Several Tyrphostin analogues have been synthesized using the Knoevenagel condensation reaction.









Scheme 7: General Scheme for Knoevenagel condensation reaction.

Tyrphostin analogues:











































Figure 4

All the tyrphostin analogues were prepared by using Knoevenagel condensation, in which the substituted aromatic aldehyde was treated with  the active methylene compound (malanonitrile or ethyl cyanoacetate or cyano acetamide) and catalytic piperidine in ethanol at reflux temperature for 1 h to afford condensed product (tyrphostins). The structures of all the products were confirmed by 1H NMR, IR, MASS spectroscopy.
The substituted aromatic aldehydes were prepared by a sequence of reactions and some of directly purchased from manufacturer.  

Preparation of substituted aromatic aldehyde:






















Scheme 8: Reagents and conditions: (a) DMS, K2CO3, acetone, reflux, 7 h, 53%; (b) CHCl3, hot NaOH (aq), 70 – 80 оC, 1 h, 43%; (c) allyl bromide, K2CO3, THF, reflux, 7 h, 70% 59; (d) 2,3-dibromo propene, K2CO3, THF, reflux, 7 h, 52%, 60; (e) BnBr, K2CO3, THF, reflux, 7 h, 52%.

	p-Methoxy phenol 56 was obtained from hydroquinone 55  by mono methylation, which was subjected to Reimer-Tiemann reaction to afford 57. The free phenolic functionality of 55 was protected as its methyl ether 58 and as its allyl ether (59 and 60). Hydroquinone was also protected as its mono-benzyl ether, and subjected to Reimer-Tiemann reaction providing 62 (Scheme 8).






Scheme 9: Bromination and Vilsmaeyer reaction.
	
Bromination on salicylaldehyde using bromine in acetic acid at 0 оC afforded the dibromo derivative 64 in 80% yield after recrystalyzation from acetic acid. 2-Hydroxy acetophenone 65 in DMF was treated with POCl3 at –20 оC to room temperature for 13 h to afford aldehyde 67 (Scheme 9). 
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